We present the design, theory and experimental implementation of a low modal volume microlaser based on a line-defect 2D-photonic crystal waveguide. The lateral confinement of low-group velocity modes is controlled by the post-processing of 1 to 3µm wide PMMA strips on top of two dimensional photonic crystal waveguides. Modal volume around 1.3 (λ/n) 3 can be achieved using this scheme. We use this concept to fabricate microlaser devices from an InP-based heterostructure including InAs 0.65 P 0.35 quantum wells emitting around 1550nm and bonded onto a fused silica wafer. We observe stable, room-temperature laser operation with an effective lasing threshold around 0.5mW. 
Introduction
Over the past few years, various strategies have been proposed to devise resonators that exhibit both high Q-factors and low modal volume. One of the most promising approaches relies on the control of slow light modes in 2D photonic crystal (PC) slabs. Such modes, including band-edge modes of 2D PC membranes [1, 2] , and low group velocity modes in waveguides based on line defects in 2D PC [3] have already been used to demonstrate microlasers. However, the lateral extension of these modes is not controlled but rather limited by the losses, and therefore, the effective mode volume is far from optimal. More recently, different strategies were proposed in order to maximize and control the spatial confinement of such slow light modes. A first option consists in modifying locally of the position or size of the PC holes. This concept was applied to W1 waveguides (one missing row of holes along the Г -K direction of a triangular lattice) by various groups [4, 5] , and more recently by some of the authors in the case of band-edge modes in triangular lattice 2D PCs [6] . In both cases, Qfactors in excess of 10 6 are achievable provided that the boundaries of the resonator are carefully adjusted. It has recently been demonstrated that lasing can be achieved using such designs [7, 8] .
We propose to achieve such a lateral confinement using a different implementation. The basic structure is an InP-based heterostructure, including a multi-quantum well region and bonded onto a fused silica wafer. A 2D PC with a W1 defect waveguide is first patterned in this structure. In a second step, a thin, transparent layer of polymethyl methacrylate (PMMA) is deposited on top, and then laterally patterned to yield a small dielectric strip on top of the PC structure, as schematically presented in Fig. 1 (structure called W1+PMMA). 
Design and modeling
Figure 2(a) displays the band structure of a W1 waveguide calculated by the 3D plane-wave expansion method [10] , and particularly the portion of the odd o g1 and even e g1 guided modes located under the light line (the even and odd modes are discriminated according to their symmetry with respect to the mirror plane perpendicular to the InP slab and parallel to the waveguide). The PC structure is designed to exploit the low group velocity mode located around point A of Fig. 1(a) , at the edge of the first Brillouin zone. If one increases locally the effective index of the membrane, the bands are shifted to lower values of the reduced frequency, see Fig. 2(b) . This results in a photonic heterostructure whose confinement properties are the result of the effective index shift and the local curvature of the band associated with the waveguide mode. The confinement properties of this type of cavity was explained by Song et al. by looking at the complex dispersion relation of the W1 waveguide using an analytic continuation of the wave vector [11] . Some of the confinement properties of the heterostructure can also be understood qualitatively using an envelope formalism inspired by the work of Charbonneau-Lefort et al. [12] , which adapts the formalism originally applied to electrons in a perturbed periodic lattice to the case of optical modes inside a photonic heterostructure. The envelop is calculated using a simple 1D model of an infinite photonic crystal structure, where the optical confinement is controlled by the dielectric strip in a perturbative way. Although it cannot replace the rigorous, 3D FDTD computation that we present in the remainder of the article, the envelope picture provides a nice and simple illustration of the interplay between the geometric parameters of the waveguide and their influence on the confinement of the electric field.
In our case, we obtain an envelope equation which is expressed below: 
Δ
, which is appropriate for our heterostructure, is obtained by application of the continuity conditions at the boundaries of the region delimited by the dielectric strip: This equation shows that the effective mass is inversely proportional to the band curvature. From the equations above, we can conclude that the efficiency of the confinement is higher for slow Bloch modes than for conventional (fast) modes, because the lower the band curvature, the better the spatial confinement. As can be seen in the equations, the size of the strip (L) and the effective index difference (Δ) also play a role in the confinement efficiency. If the effective index difference is small, L has to be large enough to obtain an efficient confinement within the PC region covered by the strip. On the other hand, if Δ is high, the cosine function oscillates faster and efficient lateral confinement can be achieved with a narrower strip. To summarize the physics of slow Bloch modes localization, the smaller the band curvature, the better the confinement. Furthermore there is a compromise between the size of the strip and the effective index difference between the covered and uncovered regions of the W1 waveguide. , we modeled a W1 waveguide patterned in a 250 nm thick InP membrane, including a PMMA strip above. The lattice parameter and filling factor (respectively 473 nm and 40%) were chosen in such a way that the band-edge mode corresponding to point A of Fig. 2(a) stands around 1550 nm. Figure 4(a) shows the calculated spectrum for the W1 waveguide including a 6 period large PMMA strip laying across the waveguide. The waveguide was excited with a Gaussian dipole source centered at 1550 nm. The calculated spectrum shows two main peaks at 1494 and 1607 nm, corresponding to the odd o g1 and even e g1 modes at K point respectively.
The quality factors of the two modes are 771 and 4273 respectively. The Q factors of these modes would be much higher in the case of a suspended membrane, which offers a higher refractive index contrast between the InP slab and the surrounding media. However, since our goal is to develop stable non linear devices like microlasers, we chose to pattern a PC structure on an InP-based heterostructure bonded onto fused silica, which is mechanically stable, and exhibits a much better thermal behavior. In the case of our asymmetric structure, radiated losses of such resonant modes are therefore relatively high. However, as we will see, despite these losses, room-temperature lasing can be achieved. 3 , which means that the resonant mode is effectively concentrated at the center of the cavity. Under optimal conditions of spatial and spectral overlap between a source and the cavity mode, this cavity would exhibit a Purcell Factor of about 250.
Fabrication of the samples and optical characterization
The basic III-V semiconductor hetrostructure was grown by solid-source molecular beam epitaxy (MBE). It consists in a 250 nm thick InP membrane with a multi-quantum well region including four 50 Å thick InAs 0.65 P 0.35 quantum wells, separated by 200 Å thick InP barriers. The heterostructure was then transferred onto a fused silica substrate by molecular bonding, and the InP substrate was removed by wet etching [14] . In order to pattern the photonic structure, a 90 nm thick SiO 2 layer was deposited over the InP membrane. The holes, together with alignment marks, were first defined by electron beam lithography with a modified JEOL (JSM5500) scanning electron microscope on a PMMA resist film, and then transferred into the SiO 2 layer using a CHF 3 based reactive ion etching (RIE). Finally, the pattern was transferred to the III-V heterostructure by RIE, using a gas mixture of CH 4 and H 2 . Then, after the removal of the SiO 2 mask, in a second lithography step, a 6 periods wide and 110 nm thick strip of PMMA was patterned perpendicularly to the W1 waveguide across the entire PC width, with an accuracy on the order of 100 nanometers. Fig. 5 shows SEM images of a W1 waveguide and of the final structure.
In terms of lateral patterning, the big advantage of this confinement geometry is the great simplicity of the process, which requires less extreme technological equipment with respect to other configuration that requires nanometer-scale accuracy [4, 5] . These active photonic structures were characterized at room temperature under pulsed optical pumping at 780 nm, with a pulse width of 7 ns and a 6 % duty cycle. The pumping beam was focused using a 20x microscope objective lens. The light emitted above the sample was collected through the same objective, and analyzed by a spectrometer, with spectral resolution around 0.1 nm. On Fig. 6(a) , the emission spectrum of the unpatterned heterostructure (brown line), and four W1+PMMA structures, with small differences in the hole diameter, are shown. The photoluminescence spectrum of the unpatterned heterostructure covers a spectral range from 1400 to 1600 nm. The spectra of the patterned structures, measured with a pumping power of a few milliwatts, show a sharp and intense peak, corresponding to the e g1 mode at point A of Fig. 2(a) . The variation of the peak intensity as a function of the incident peak pump power is displayed in Fig. 6(b) , for both W1 and W1+PMMA structures. From these experimental data, we can conclude that the W1+PMMA structure exhibits a clear signature of lasing, with a threshold around 1.6 mW. Considering that only ~35% of the incident light is absorbed by the InP barriers, this leads to en estimate of the effective lasing threshold of 0.55 mW. For the W1 configuration, the lasing threshold has not been reached for the pumping energy range explored, possibly because the pumped area (~3 μ m) is much less than the effective volume of the slow Bloch mode [15] . Figure 6 (b) (inset) shows the emitted peak relative to the W1 and W1+PMMA configuration: the shift to longer wavelength of the emission peak in the W1+PMMA configuration can be observed, consistent with our theoretical prediction. To evaluate the effect of the cavity width, we performed a second set of measurements, using a PMMA strip with a width of about 1 μ m. The effective modal volume for this cavity, obtained from the simulation, is around 1.29 (λ/n) 3 , nearly the same as for the 3 μ m wide PMMA strip; the corresponding Purcell Factor is about 135. Figure 7 shows the light out versus light in curve obtained for this configuration. From these curves one can see that the lasing threshold remains largely unchanged, as expected, given the nearly unchanged mode volume [14] . The main change is the increase of the slope efficiency, probably due to a higher directivity of the emission and therefore a better coupling to the collection optics. 
Conclusion
In this paper, we proposed, studied theoretically, and demonstrated a small mode volume, photon confinement scheme in an active microcavity. We achieved efficient spatial optical confinement using a local effective index modulation in a W1 PC waveguide supporting a low group velocity mode at the edge of the first Brillouin zone. The physics of the confinement has been explained through a simple model based on the envelope formalism. We fabricated first test devices, comprising a W1 PC waveguide and a dielectric strip, on an InP-based multi-quantum well heterostructure bonded onto fused silica. The index modulation was achieved by electron beam patterning of a PMMA strip above the PC, which created a local increase of the effective index of the waveguide. Optical measurements have been performed on our structures and reproducible results have been obtained in agreement with the theoretical predictions. Laser emission was obtained with W1+PMMA structures at room temperature, with an estimated effective threshold of about 0.5 mW with PMMA strips 1 and 3µm wide. The simple and reproducible production process, together with the robustness and mechanical stability of the device, make this type of low threshold lasers good candidates for both surface-emitting or coupled-to-waveguide laser devices. Moreover the high Purcell Factor of 250 for the 3 μ m wide PMMA strip, could lead to applications in the field of integrated quantum photonics. Finally, we emphasize that by changing the shape of the dielectric layer, other types designs for cavity-confined slow light modes can be fabricated in a similar fashion [6] . 
